Research in contextEvidence before this studyCurrent research is focused on mesenchymal stem/stromal cell (MSC)-based therapies for acute hepatic failure. The paracrine effects of MSCs have been demonstrated to play an important role in liver repair and regeneration through downregulation of proinflammatory and fibrogenic activity and stimulation of hepatocyte proliferation. However, there are limited studies regarding the MSCs secretome analysis.Added value of this studyThe present study describes, for the first time, the detailed analysis of amniotic fluid-mesenchymal stem cells (AF-MSCs) and hepatic progenitor-like (HPL) cell derived secretome. Data present the entire spectrum of paracrine factors secreted by the two cell types, and showed the important role of AF-MSC-produced ANXA1 in mediating liver repair. Importantly, our data indicated that ANXA1 represents a possible therapeutic mediator of acute hepatic failure (ΑΗF) treatment, by its anti-inflammatory role, including effects on progenitor cell proliferation, migration and differentiation.Implications of all the available evidenceThe current study expands our understanding of the mechanisms by which MSCs confer therapeutic effects in acute hepatic failure (AHF). Moreover, it describes the first detailed analysis of AF-MSC and hepatic progenitor-like cell-derived secretome, demonstrating the important role of AF-MSC-produced ANXA1 in alleviating liver damage. Overall, these data are expected to lead to an innovative, cell free, non-invasive, less immunogenic and non-toxic alternative strategy to AHF treatment and to provide important new mechanistic information on the reparative function of progenitor cells in the liver.Alt-text: Unlabelled Box

1. Introduction {#s0020}
===============

Human mesenchymal stem/stromal cells (MSCs) represent a multipotent stem cell population that is able to self-renew and differentiate into mesoderm derived cell lineages \[[@bb0005]\].Recently, MSC transplantation is emerging as a promising approach for tissue repair and its use in clinical and research applications has considerably increased \[[@bb0010]\]. Limitations of such approaches include the availability and the high number of cells for transplantation at the time needed, dosage effects, poor engraftment, a failure to understand the exact mechanisms of action, the variability in paracrine effects of the MSCs sourced from different donors and immunorejection \[[@bb0015],[@bb0020]\].

Over the past decade, there has been a tremendous interest in understanding the biological and molecular mechanisms by which MSCs contribute to tissue repair and in unveiling their potential in cell therapy \[[@bb0010]\].

MSCs can modulate the inflammatory response, promote cell proliferation and repair of damaged cells and enhance tissue regeneration \[[@bb0025], [@bb0030], [@bb0035]\]. These beneficial properties make therapy based on MSCs a promising tool for tissue regeneration. Although basic research and preclinical studies have shown therapeutic effects of MSCs for tissue repair \[[@bb0040], [@bb0045], [@bb0050]\], many hurdles still exist for translating the therapeutic potential of MSCs into the clinical scale \[[@bb0055]\]. Importantly, MSCs have been the subject of clinical trials for a long time \[[@bb0020],[@bb0060]\]; however the outcomes have fallen short of expectations raised by encouraging in vitro and in vivo pre-clinical studies based in a wide range of disease models \[[@bb0020]\]. To this end, recent clinical trials have proven more successful in treating enterocutaneous perianal fistular disease and GvH disease in children \[[@bb0020]\].

However, due to the complex molecular mechanisms involved, crucial information on the receptors and mechanisms of action, plus their effectiveness in the context of various diseases, is often lacking. Therefore, a comprehensive and integrated validation of potential MSC therapeutics is highly warranted.

Recent work from our group and others uncovered MSC-derived conditioned media (CM) as mediators of many of the therapeutic properties of the parent cells, suggesting the development of a cell-free strategy based on MSC secretome \[[@bb0065], [@bb0070], [@bb0075]\].Various studies demonstrated that factors secreted by MSCs exhibit anti-inflammatory effects and can modulate a variety of cellular responses, such as proliferation, migration and survival \[[@bb0010],[@bb0070],[@bb0080]\], implying paracrine signaling as the primary mechanism of action of the therapeutic effect exerted by MSCs \[[@bb0085]\].

In our previous studies, we isolated MSCs from human second trimester AF obtained during routine amniocenteses for prenatal diagnosis \[[@bb0075],[@bb0090], [@bb0095], [@bb0100], [@bb0105]\]. We showed that these cells exhibited high proliferation rate in culture and could differentiate in vitro, not only into mesoderm derived cell types (such as adipocytes and osteoblasts), but also, into endoderm derived cells (hepatocytes) \[[@bb0075],[@bb0090],[@bb0095],[@bb0105],[@bb0110]\]. In addition, AF-MSCs represent an advantageous cell type for allogenic transplantation, by exhibiting inherently low immunogenic profile, thereby reducing the risk of cell rejection in heterologous transplantation \[[@bb0090], [@bb0095], [@bb0100], [@bb0105], [@bb0110], [@bb0115]\].

We have previously shown that factors released by AF-MSCs and hepatic progenitor like (HPL) cells derived from AF-MSCs, can induce liver repair due to paracrine effects and stimulate down-regulation of the systemic inflammation by secretion of cytokines such as IL-10, in acute hepatic failure (AHF) NOD/SCID mouse model \[[@bb0025],[@bb0120]\]. AHF consists a high-risk disease since the patients can develop hepatic encephalopathy and a rapid Multi-organ failure, triggering critical care management and, if unsuccessful, leading to death \[[@bb0125]\]. AHF is the culmination of severe liver cell injury from a variety of causes including viral hepatitis, adverse effects of prescription and non-prescribed drugs, toxins, metabolic disorders, and vascular insults \[[@bb0130],[@bb0135]\]. Liver transplantation is the only effective therapeutic strategy, however it exhibits significant drawbacks due to organ rejection, lack of donors and high cost treatment.

In the present study, we aimed to investigate and validate, for the first time, a new concept in AHF therapy involving the study of the entire spectrum of paracrine factors secreted by AF-MSCs and HPL cells, termed as secretome, by LC-MS/MS analyses. We demonstrated high expression of Annexin-A1 (ANXA1) by HPL cells compared to AF-MSCs and confirmed the expression at protein level in cell lysates and conditioned media, by western blot analyses and ELISA. By using state-of-the-art experimental approaches for short hairpin RNA-mediated knock-down of ANXA1 and animal model-based strategies our results represent an innovative perspective in AHF therapy. In line with this, culturing liver progenitors (oval cells) derived from AHF mice with conditioned media derived from shANXA1-MSCs, resulted in the inhibition of their growth ex vivo.

Our findings provide proof-of-concept for the use of MSC secretome as an innovative, non-invasive, non-toxic and improved cell-free alternative strategy for liver repair and provide the impetus to validate the broader therapeutic applications of MSC secretome in other tissue-destructive diseases.

2. Material and methods {#s0025}
=======================

2.1. Isolation and culture of AF-MSCs {#s0030}
-------------------------------------

The AF-MSCs were isolated and cultured according to the methods described in previous studies \[[@bb0090],[@bb0095]\]. All samples were collected following written informed consent, approved by the Ethical Committee of Alexandra Hospital, Athens, Greece, the Bioethics Committee of the School of Medicine of the University of Athens and the Bioethics Committee of the Biomedical Research Foundation of the Academy of Athens (BRFAA). Spindle-shaped colonies, termed as AF-MSCs, were used in the present study, derived from 6 human AF samples. Colonies of freshly isolated cells (passage 0) were selected and cells were subcultured. Cells, at passage 10--22 and at 80% confluency, were used for hepatogenic differentiation. AF-MSCs at passage 22--30 were used for proteomic analysis.

2.2. Hepatogenic differentiation of AF-MSCs {#s0035}
-------------------------------------------

To induce hepatogenic differentiation, AF-MSCs (passage 10--22) or AF-MSCs transduced with shANXA1 or shscramble (passage 10--22), from 6 different AF samples, were cultured in serum-deprived media for 2 days \[Iscove\'s modified Dulbecco medium (IMDM, Thermo Fisher Scientific Inc., Waltham, MA USA) containing 20 ng/ml epidermal growth factor (EGF, Peprotech, London, UK) and 10 ng/ml basic fibroblast growth factor (bFGF, Peprotech)\]. Then, cells were treated with initiation medium, containing IMDM supplemented with 20 ng/ml hepatocyte growth factor (HGF, Peprotech), 10 ng/ml bFGF and 0.1% dimethyl sulfoxide (DMSO, Sigma-Aldrich Ltd., St. Louis, MO USA) for 7 days. These cells were termed hepatic progenitor-like cells (HPL cells). To further differentiate HPL cells into hepatocyte-like cells (HL cells), HPL cells were treated with maturation medium consisting of IMDM supplemented with 20 ng/ml oncostatin M (Peprotech), 1 μM dexamethasone (Sigma-Aldrich Ltd.) and ITS (Sigma-Aldrich Ltd.) for 2 weeks, as previously described \[[@bb0075],[@bb0095]\] passage 10--22.

To determine hepatogenic differentiation, glycogen production was assessed by Periodic Acid-Schiff (PAS) stain (Sigma-Aldrich Ltd.) according to the manufacturer\'s protocol. Photographs (20×) were taken using an inverted microscope Leica BMIRE2 and software LAS v3.8. Finally, PAS staining was quantified using Image J v1.43m software.

2.3. Real-time quantitative PCR {#s0040}
-------------------------------

A detailed protocol for Real-time quantitative PCR analysis is provided in Supplementary material and methods.

2.4. Conditioned media (CM) collection for proteomic analysis {#s0045}
-------------------------------------------------------------

One and a half million AF-MSCs and HPL cells were cultured in their specific media, as it is described in the previous section. At 80% confluency the media were removed and the cell layers were washed 3 times with 1xPBS (Gibco BRL, Grand Island, NY) and 1 time with serum and phenol red free medium (SFM) (Gibco-Invitrogen, Grand Island, New York). Cells were then incubated with SFM for 24 h and then conditioned media (CM) were collected as previously described \[[@bb0140]\]. The latter was centrifuged at 1000 ×*g* for 10 min at 4 °C to remove dead cells and large debris and incubated with 7.5% Trichloro Acetic Acid (TCA) (Fluka, Buchs Switzerland), 0.1% NLauroyl Sarcosine (NLS) (Fluka) at −20 °C overnight. Centrifugation then followed at 10,000 ×*g* for 10 min at 4 °C. The supernatant was discarded, and the pellet was washed in ice cold Tetra Hydro Furan (THF) (Sigma-Aldrich Ltd.) and centrifuged again as previously. The final pellet was air dried and resuspended in sample buffer \[7 M urea (Applichem, Darmstadt, Germany), 2 M thiourea (Fluka), 4% CHAPS (Applichem), 1% DTE(Sigma), 2% IPG buffer (BioRad) and 3.6% Protease inhibitors (BioRad)\] followed by 30 min bath sonication. Samples were stored at −80 °C until use.

2.5. Sample preparation for proteomic analysis {#s0050}
----------------------------------------------

Samples were prepared using the GeLC-MS method as previously described \[[@bb0145]\]. Briefly, ten micrograms of each sample were analyzed in SDS-PAGE. Electrophoresis was terminated when samples just entered the separating gel. Gels were stained with coomassie colloidal blue overnight. Each band was excised from the gel and further sliced to small pieces (1-2 mm). Gel pieces were destained with 40% Acetonitrile (Sigma), 50 mM NH~4~HCO~3~ (Fluka), reduced with 10 mM DTE (Sigma) in 100 mM NH~4~HCO~3~ for 20 min RT and alkylated with 54 mM Iodoacetamide (Applichem) in 100 mM NH~4~HCO~3~ for 20 min RT in the dark. Samples were then washed with 100 mM NH~4~HCO~3~ for 20 min at RT, followed by another wash with 40% Acetonitrile, 50 mM NH~4~HCO~3~ for 20 min at RT and a final wash with ultrapure water under the same conditions was performed. Gel pieces were dried in a centrifugal vacuum concentrator and trypsinized overnight in the dark, RT, by adding 600 ng of trypsin (Roche) per sample (trypsin stock solution: 10 ng/μl in 10 mM NH~4~HCO~3~, pH 8.5). Peptides were extracted after incubation with the following buffers: 50 mM NH~4~HCO~3~ for 15 min, RT followed by two incubations with 10% Formic Acid, Acetonitrile (1:1) for 15 min, RT. Peptides were eluted in a final volume of 600 μl and filtered with PVDF filers (Merck Millipore) before dried in a centrifugal vacuum concentrator. Dried peptides were reconstituted in mobile phase A buffer (0.1% formic acid, pH 3) and processed with LC-MS/MS analysis.

2.6. LC-MS/MS {#s0055}
-------------

LC-MS/MS experiments were performed on the Dionex Ultimate 3000 UHPLC (Thermo Fisher Scientific, Bremen, Germany) system coupled with the high-resolution nano-ESIOrbitrap-Elite mass spectrometer (Thermo Fisher Scientific). Each sample was reconstituted in 10 μl loading solution consisted of 0.1% *v*/v formic acid. A 5 μl volume was injected and loaded on the Acclaim PepMap 100 (100 μm × 2 cm C18, 5 μm, 100 Ȧ) trapping column with the ul-Pick-Up Injection mode with the loading pump operating at a flow rate of 5 μl/min. For the peptide separation the Acclaim PepMapRSLC, 75 μm × 50 cm, nanoViper, C18, 2 μm, 100 Ȧ column (Thermo Fisher Scientific) retrofitted to a PicoTip (New Objective Woburn, MA, USA) emitter was used for multi-step gradient elution. Mobile phase (A) was composed of 0.1% formic acid and mobile phase (B) was composed of 100% acetonitrile, 0.1% formic acid. The peptides were eluted under a 240 min gradient from 2% (B) to 33% (B). Flow rate was 300 nl/min and column temperature was set at 35 °C. Gaseous phase transition of the separated peptides was achieved with positive ion electrospray ionization applying a voltage of 2.5 kV. For every MS survey scan, the top 10 most abundant multiply charged precursor ions between *m*/*z* ratio 300 and 2200 and intensity threshold 500 counts were selected with FT mass resolution of 60,000 and subjected to HCD fragmentation. Tandem mass spectra were acquired with FT resolution of 15,000. Normalized collision energy was set to 33 and already targeted precursors were dynamically excluded for further isolation and activation for 30 s with 5 ppm mass tolerance.

2.7. MS data processing {#s0060}
-----------------------

MS data processing methodology is provided in Supplementary material and methods.

2.8. In silico analyses {#s0065}
-----------------------

The in silico analysis is provided in Supplementary material and methods section.

2.9. Lentiviral vector construction and transduction of AF-MSCs {#s0070}
---------------------------------------------------------------

The knockdown studies were performed using lentiviral-mediated RNA interference. The lentiviral vectors with the sequences for the shRNAs were purchased from the Erasmus Center for Biomics (<https://www.erasmusmc.nl/cs-research/erasmusmcresearch/biomics?lang=en>). A scrambled shRNA (shscramble) was used as control, as previously described \[[@bb0150]\]. The shRNA sequence used to knockdown the expression levels of ANXA1 was the following:CCGGGCCTTGTATGAAGCAGGAGAACTCGAGTTCTCCTGCTTCATACAAGGCTTTTTG. For the lentivirus production, a four plasmid system was used for the transient transfection of 293 T cells as previously described \[[@bb0150]\], followed by concentration with Amicon Ultra Centrifugal Filters-100 K Units (Merck KGaA, MA, USA). The titers of the concentrated lentiviruses were determined after infection of AF-MSCs cells with serial dilutions of the viral stock. The lentiviral titers were estimated at 10 \[[@bb0025]\]--5 × 10^5^ infectious units (IU)/ml. For transduction, 5 × 10^4^ AF-MSCs per well were seeded into 12-well plates and lentivirus was added at a multiplicity of infection (MOI) of 5 (AF-MSC-shANXA1).As a control, AF-MSCs transduced with a lentivirus for shscramble was used at the same MOI (AF-MSC-shscramble). After seven days, selection with 0.5 μg/ml puromycin (Sigma-Aldrich Ltd.) was performed for five days.

2.10. Western blot analysis {#s0075}
---------------------------

A detailed protocol is provided in Supplementary material and methods.

2.11. Colony-forming unit assay {#s0080}
-------------------------------

The clonogenic potential of AF-MSCs after knockdown expression of ANXA1 was estimated by performing a colony forming unit (CFU-F) assay. Specifically, transduced AF-MSCs with shANXA1 or shscramble lentiviruses were plated at three clonal densities (70, 140 and 280 cells) per 60-mm plates for 14 days at 37 °C in a humidified, 5% CO~2~ incubator and then stained with Crystal Violet (Sigma-Aldrich Ltd.). Photographs were taken from 5 fields of view (×10 or ×5) for each well, using a Leica CTR MIC microscope. The number of CFU-Fs was estimated per 100 MSCs initially plated, based on a linear regression analysis of the three different initial cell concentrations as previously described \[[@bb0110],[@bb0155]\]. The data are presented as the mean ± SDV of three independent experiments (3 samples per experiment, n = 3).

2.12. MTS proliferation assay {#s0085}
-----------------------------

A detailed protocol is provided in Supplementary material and methods.

2.13. Apoptosis assay {#s0090}
---------------------

AF-MSCs transduced with shANXA1 or shscramble lentivirus were assessed by Annexin V--FITC staining (Biolegend Inc., CA, USA), according to the manufacturer\'s instructions. For live-dead cell discrimination, 7AAD (Sigma-Aldrich Ltd.) staining was used. Flow cytometry was performed using the Beckman Coulter Cytomics FC 500 flow cytometer (Beckman Coulter Ltd., Palo Alto, CA, USA).

2.14. Transwell migration assay {#s0095}
-------------------------------

To study the effect of ANXA1 in the migration properties of AF-MSCs, in vitro migration assay was performed, as described in our previous studies \[[@bb0160]\]. In more detail, 1.5 × 10^4^ AF-MSCs, AF-MSC-shscramble or AF-MSC-shANXA1 cells, were transferred to the insert of transwell plate with pore size of 8 μm (Sigma-Aldrich Ltd.) in 100 ml DMEM supplemented with 0.5% FBS. The cells were allowed to migrate for 16 h, towards coated wells with 10 μg/ml fibronectin (Sigma-Aldrich Ltd.) and supplemented with DMEM (0.5% FBS). Migrated cells were fixed with 4% paraformaldehyde (Sigma-Aldrich Ltd) on the underside of the membrane and then stained with hematoxylin and eosin (Sigma-Aldrich Ltd.). Photographs of nuclei were taken (20×) for each membrane using an inverted microscope Leica BMIRE2 and software LAS v3.8. Three independent experiments (3 samples per experiment, n = 3) were performed and the mean ± SDV of each experiment was calculated.

2.15. Measurement of ANXA1 release {#s0100}
----------------------------------

AF-MSCs, AF-MSC-shscramble and AF-MSC-shANXA1 cells (passage 5--13) were cultured until 80% confluency. Three samples of 1.5 × 10^6^ AF-MSC-shscramble and AF-MSC-shANXA1 cells (n = 3) were further treated with serum-free DMEM culture medium without phenol red for 24 h. CM were collected, centrifuged at 1000rcf for 5 min and concentrated 25-fold using ultrafiltration units with a 3 kDa cutoff prior used for ELISA (Millipore, Bedford, MA, USA). Released ANXA1 in CM was measured by using a commercially available ELISA kit (Wuhan Fine Biotech Co., Ltd., China). The absorbance was determined by a microplate reader at 450 nm (ELX 800, Biotek Instruments Inc., VT, USA). Three independent experiments were performed and the mean ± SDV of each experiment was calculated.

2.16. Cytokine analysis {#s0105}
-----------------------

Quantification of blood serum levels of mouse interleukins, derived from 5 mice (n = 5) was performed by using commercially available ELISA kits for IFN-γ (Becton Dickinson, San Jose, CA) and TNF (Bender MedSystems GmbH, Vienna, Austria). Three independent experiments were performed and the mean ± SDV of each experiment was calculated.

2.17. CM preparation for in vitro and in vivo studies {#s0110}
-----------------------------------------------------

For the preparation of the CM, 1,5 × 10^6^ AF-MSCs, AF-MSC-shscramble and AF-MSC-shANXA1 cells (passage 5--13) were cultured until 80% confluency. Further, the cells were allowed to grow for 48 h in DMEM containing 0.5% FBS to prevent protein aggregation. CM were collected, centrifuged at 1000 rcf for 5 min to remove cell debris and further concentrated 25-fold using ultrafiltration units with a 3 kDa cutoff prior to ELISA testing (Millipore, Bedford, MA, USA).

2.18. Oval cells isolation {#s0115}
--------------------------

A detailed protocol is provided in Supplementary material and methods.

2.19. Oval cells proliferation assay {#s0120}
------------------------------------

Oval cells were seeded in a 96 well plate at a density of 1.5 × 10^4^/well in 5 replicates and incubated with CM derived from AF-MSCs, AF-MSC-shscramble and AF-MSC-shANXA1 cells. DMEM (20% FBS) and DMEM (0.5% FBS) were also used as positive and negative control, respectively. MTS assay (Promega Ltd) was performed after 3 days in culture and the absorbance was measured at 492 nm and at 595 nm as reference wavelength by the ELISA plate reader (Μultiskan GO version 1.01.10, Thermo Scientific). The proliferation rate of oval cells was estimated using the following formula: \[(OD~day\ x~ -- OD~day\ 0~)/(OD~day\ 0~)x100\]. The experiment was performed in triplicates and the mean of each experiment was calculated.

2.20. Mouse models and conditioned media (CM) administration protocol {#s0125}
---------------------------------------------------------------------

NOD/SCID mice were housed and maintained at the Animal Facility of the BRFAA. The procedures for the care and treatment of animals were performed according to the Institutional guidelines, which follow the guidelines of the Association for Assessment and Accreditation of Laboratory Animal Care, the recommendations of the Federation of European Laboratory Animal Science Associations and of the National Institute of Health. For the induction of acute hepatic failure (AHF), NOD/SCID mice (n = 5) aged 6 to 8 weeks were administered intraperitoneally with a single dose of 0,5 ml/kg body weight CCl~4~ dissolved in sun oil, whereas control animals (n = 5) received phosphate buffered saline only. The following day, mice (n = 5 per group) underwent intrahepatic administration of CM derived from AF-MSCs, AF-MSC-shscramble and AF-MSC-shANXA1 cells as described before \[[@bb0015]\]. The administration procedure included the insertion of a 29-gauge spinal needle in the left liver lobe which was initially detected by ultrasound imaging \[Ultrasound Vivid7, 13iL (14-MHz/GE) linear array echo transducer, Georgia, USA\], after hair removal, as described in our previous studies \[[@bb0075]\].

2.21. Assessment of liver functions {#s0130}
-----------------------------------

Twenty-four hours after CM administration, the mice (n = 5 per group) were sacrificed and blood samples were collected and centrifuged at 11,000 rcf for 5 min, to allow blood coagulation. The serum from each mouse was collected separately and measured for the levels of aminotransferase (AST) and alanine aminotransaminase (ALT) in an automatic biochemical analyzer (Medilyzer-Medicon Hellas).

2.22. Histochemical analyses of mice liver sections after CM administration {#s0135}
---------------------------------------------------------------------------

These assays relied on well-established procedures and are provided in Supplementary material and methods.

2.23. Ingenuity pathway analysis (IPA) {#s0140}
--------------------------------------

The bioinformatics analysis based on IPA is provided in Supplementary material and methods.

2.24. Statistical analysis {#s0145}
--------------------------

The Student\'s *t*-test method was used to determine the statistical significance, and p values are indicated in the figures, where \* represents p \< 0.05, \*\* represent p \< 0.01 and \*\*\* represent p \< 0.001. Mean values and confidence level are reported in Supplementary Table S3. MS data analysis was performed as previously described \[[@bb0165]\]. Peptides identified in 75% of the samples (3/4 replicates) in at least one group were further processed for quantification and statistical analysis. Mann-Whitney test was applied for the statistical analysis. Statistically significant proteins (p ≤ 0.05) with a fold change of ≥1.5 were considered as differentially expressed (Supplementary Table S2).

3. Results {#s0150}
==========

3.1. Characterization and comparison of AF-MSC and HPL secretome profiles by LC-MS/MS {#s0155}
-------------------------------------------------------------------------------------

The secretome of AF-MSCs and HPL cells was analyzed by high resolution LC-MS/MS analysis. Four biological replicates per group were included in the analysis. A mean value of 737 ± 80 protein identifications was obtained from the AF-MSC secretome, whereas in the HPL secretome the mean value of identified proteins was 679 ± 32 (Supplementary Table S1). Quantification was performed at the peptide level: peptides identified in 75% of the samples (3/4 replicates) in at least one group were further processed for quantification and statistical analysis. After applying the aforementioned frequency threshold in the dataset, 484 proteins were selected in the AF-MSC secretome and 457 proteins in the HPL secretome, respectively ([Fig. 1](#f0005){ref-type="fig"}a, Supplementary Table S2). The overlapping identifications among the two groups were 421 (81%), whereas 63 proteins (12.1%) were only identified in the AF-MSC secretome and 36 proteins (6.9%) in the HPL secretome ([Fig. 1](#f0005){ref-type="fig"}a & Supplementary Table S2). Of note, the majority of the proteins was predicted to be secreted by signal peptide triggered secretion (55% for AF-MSCs, 54% for HPL) and non-classical secretion (6% for AF-MSCs, 7% for HPL) ([Fig. 1](#f0005){ref-type="fig"}b). The high percentage of secreted proteins (61% for each group) verifies the efficiency of the applied protocol for conditioned media (CM) collection \[[@bb0140],[@bb0170]\]. After performing quantification and statistical analysis, 154 proteins (56%) were found at higher levels in the HPL secretome compared to the AF-MSCs CM (HPL/AF-MSC ratio: \>1.5; Mann Whitney test, p \< 0.05), whereas 65 proteins (23%) were found reduced in the HPL CM compared to the AF-MSC CM (HPL/AF-MSC ratio: \<0.67; Mann Whitney test, p \< 0.05). Thirty-five proteins (13%) detected only in the AF-MSC CM and 22 proteins (8%) only in HPL CM reached statistical significance (Supplementary Table S2 & [Fig. 2](#f0010){ref-type="fig"}a i, ii). The differentially expressed proteins between the HPL and AF-MSC CM are presented in [Fig. 2](#f0010){ref-type="fig"}b.Fig. 1Analysis and classification of the identified proteins in AF-MSCs and HPL cells. (a) Venn diagrams showing the high percentage of overlapping proteins among the secretome of the two groups (AF-MSCs vs HPL). The information shown in the Venn diagram has been derived after the frequency threshold application (only peptides identified in 3/4 samples in at least one group were considered for further analysis) in the total number of identifications obtained in the two groups of samples. (b) Classification of the identified proteins. The high percentage (61%) of secreted proteins (classically and non-classically secreted) obtained in both groups, indicates the efficiency of the utilized protocol for the enrichment of secreted proteins.Fig. 1Fig. 2Comparative proteomic analysis between the HPL and AF-MSC secretome. (a) (i) Pie chart illustrates the percentage of the proteins that were common and differentially expressed (fold change\<0.67 or \> 1.5, p \< 0.05) between HPL cells and AF-MSCs, as well as of the proteins that were uniquely expressed per category. (ii) Bar graph representing the percentage of the 219 differentially expressed proteins that were statistically significant upregulated or downregulated in the secretome of HPL cells versus AF-MSCs. (b) The heat map illustrates the expression level changes of the 219 differentially expressed proteins among the HPL and the AF-MSC CM samples. Green color indicates up-regulation whereas red color indicates down regulation of the reported proteins. (c) Bar graph representing the relative expression levels of selected secreted proteins in HPL cells vs AF-MSCs. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Fig. 2

3.2. Annexin-A1 is increased in conditioned medium (CM) from HPL compared to AF-MSC cultures {#s0160}
--------------------------------------------------------------------------------------------

In our previous publication \[[@bb0075]\] we have shown that HPL CM was found to be more efficient than CM derived from AF-MSCs in treatment of the damaged liver. For this reason we selected proteins found at higher levels in HPLCM compared to AF-MSCCM ([Fig. 2](#f0010){ref-type="fig"}c) for further examination. Among them, we observed a significant number of fibrosis-related molecules in HPLCM, including Vimentin (VIM), an intermediate filament protein with wound healing and liver regeneration ability \[[@bb0060],[@bb0175]\], cathepsin D (CTSD), metalloproteinase inhibitor 1 and 2 (TIMP1, TIMP2), connective tissue growth factor (CTGF), SPARC, SERPINH1 and anti-fibrotic molecules Decorin (DCN) and Insulin-like growth factor-binding protein 3 (IGFBP3). However, we were particularly intrigued by the elevated levels of Annexin-A1 (ANXA1) in HPL compared to AF-MSC CM (HPL/AF-MSC ratio: 8.97, p \< 0.05) because of its reported anti-fibrotic and anti-inflammatory properties \[[@bb0180], [@bb0185], [@bb0190]\].

To enable further analyses of the role of secreted ANXA1 in liver regeneration, we established a lentivirus-mediated RNA interference (shRNA) system to knock-down ANXA1. Thus, AF-MSCs (passage 10--22) were transduced with lentivirus expressing a shANXA1 sequence (AF-MSC-shANXA1) or a scramble control (AF-MSC-shscramble) and cellular ANXA1 levels were assessed by Western blot. We observed a statistically significant decrease in ANXA1 expression in AF-MSC-shANXA1 compared with AF-MSCs (0.57 ± 0.13 fold expression difference, p \< 0.01, Student\'s *t*-test) ([Fig. 3](#f0015){ref-type="fig"}a). In contrast, AF-MSC-shscramble and AF-MSCs exhibited similar ANXA1 expression levels (0.94 ± 0.12 fold expression difference) ([Fig. 3](#f0015){ref-type="fig"}a).Fig. 3Lentiviral mediated RNAi knockdown of ANXA1 reduces the molecule\'s expression in AF-MSCs and their secretome. (a) Western blot analysis of ANXA1 in AF-MSCs, AF-MSC shscramble and AF-MSC shANXA1. Quantification was performed using the Quantity One software and the results were normalized to GAPDH positive control and then to AF-MSCs. (b) ELISA analysis of ANXA1 expression levels in shscramble-CM and shANXA1-CM. Data presented as mean ± SD of at least three independent experiments and analyzed by Student\'s test (\*\*\*\*p \< 0.0001). (c) Western blot analyses of the secreted ANXA1 in conditioned media (CM) derived from AF-MSC-shANXA1 and AF-MSC-shscramble. The densitometry analysis of the results was performed using the Quantity One software. Data presented as mean ± SD of two independent experiments and analyzed by Student\'s test (\*p \< 0.05).Fig. 3

We next determined the levels of ANXA1 released in the conditioned media, by using ELISA and Western blot analyses. The evaluation of ANXA1 immunoreactivity in CM samples by ELISA revealed a 79.4% reduction in ANXA1 secreted by AF-MSC-shANXA1 compared to AF-MSC-shscramble cells (p \< 0.0001, Student\'s *t*-test) ([Fig. 3](#f0015){ref-type="fig"}B). Immunoblot analysis of CM from AF-MSC-shANXA1 versus AF-MSC-shscramble cultures confirmed the ELISA results (0.2 ± 0.03 fold expression difference, p \< 0.05, Student\'s *t*-test) ([Fig. 3](#f0015){ref-type="fig"}c). These findings validate ANXA1 as a component of the AF-MSC secretome.

3.3. The knock-down of ANXA1 alters the functional properties of MSCs {#s0165}
---------------------------------------------------------------------

The aforementioned observations prompted us to initially explore the impact of ANXA1 on major functional properties of AF-MSCs. To this end, we examined the effects of ANXA1 knock-down on AF-MSC proliferation, migration, clonogenicity and capacity to differentiate into HPL cells.

Cell growth was assessed by using MTS assays at different time intervals (3, 5 and 7 days). As shown in [Fig. 4](#f0020){ref-type="fig"}a, the knock-down of ANXA1 in AF-MSCs resulted in a significant reduction in cell growth compared with AF-MSC-shscramble and AF-MSCs (day 7: 40.82% and 41.27% respectively). As the MTS assay cannot dissociate between reduced proliferation and elevated cell death, we analyzed AF-MSC-shANXA1 and control cultures for apoptosis using flow cytometry of Annexin V and 7AAD stained cells. The results showed that neither early apoptosis (Annexin V^+^) nor late apoptosis/necrosis (7AAD^+^) was affected by the knock-down of ANXA1 in MSCs ([Fig. 4](#f0020){ref-type="fig"}b). Subsequent experiments were performed to determine the clonogenic potential of these cells. AF-MSC-shANXA1 showed a statistically significant reduction in clonogenic potential (2.6 ± 0.83 CFU-F/100 cells, p \< 0.001, Student\'s *t*-test) compared with AF-MSCs (9.2 ± 0.72 CFU-F/100 cells) ([Fig. 4](#f0020){ref-type="fig"}c i,ii). Furthermore, we evaluated the migratory capacity of AF-MSC-shANXA1 compared with AF-MSC-shscramble and AF-MSCs using transwell assays. AF-MSC-shANXA1 were found to exhibit 62.84% (p \< 0.01, Student\'s *t*-test) migratory impairment compared to AF-MSCs, whereas AF-MSC-shscramble exhibited similar migratory potential with AF-MSCs ([Fig. 4](#f0020){ref-type="fig"}d i, ii). Finally, as AF-MSCs are able to give rise to HPL cells (Supplementary Fig. S1) \[[@bb0075],[@bb0095]\], we evaluated the impact of ANXA1 knock-down on the differentiation potential of AF-MSCs by assessing the glycogen storage capacity of HPL. The results showed that HPL-shANXA1 exhibited a significant decrease in glycogen storage which is 32.66% and 31.65% compared with HPL and HPL-shscramble respectively (p \< 0.001, p \< 0.05, Student\'s *t*-test), ([Fig. 4](#f0020){ref-type="fig"}e i, ii). We conclude that the knock-down of ANXA1 impairs AF-MSC proliferation, migration, clonogenicity and capacity to differentiate into HPL cells.Fig. 4Proliferation, apoptosis, clonogenic potential and migratory capacity of AF-MSCs, after knock down of ANXA1 expression. (a) Comparative analysis of the proliferation rate of AF-MSC-shANXA1 versus AF-MSC-shscramble and AF-MSC during 7 days in culture. The values presented are the mean ± SD of three independent experiments (\*, p \< 0.05; \*\*, p \< 0.01, Student\'s *t*-test). (b) Apoptosis in AF-MSCs, AF-MSC-shscramble and AF-MSC-shANXA1 was examined by FACS analysis of Annexin V staining and 7AAD was used to assess late apoptosis/necrosis. (c) The clonogenic potential of AF-MSCs, AF-MSC-shscramble and AF-MSC-shANXA1 was determined by CFU-F assay. (i): The mean numbers ± SD of CFU-F per 100 cells in a 14-day clonogenic assay are presented. The values represent the mean ± SD of three independent experiments (\*, p \< 0.05, \*\*\*, p \< 0.001; Student\'s *t*-test). (ii): Representative images of the colonies formed. (d) (i) Representative diagram of the migratory potential of AF-MSCs, AF-MSC-shscramble and AF-MSC-shANXA1 to fibronectin. The values presented are the mean ± SD of three independent experiments (\*\*, p \< 0.01, Student\'s *t*-test). (ii) Representative microscopy images of the migrated AF-MSCs, AF-MSC-shscramble and AF-MSC-shANXA1. Original magnifications, (original magnification x20. scale bar: 100 μm). (e) The differentiation potential of AF-MSCs, AF-MSC-shscramble and AF-MSC-shANXA1 into HPL cells, was determined by periodic acid Schiff staining assay. (i): Quantification analysis of PAS staining. The values represent the mean ± SD of three independent experiments (\*, p \< 0.05; \*\*\*, p \< 0.001; Student\'s *t*-test). (ii): Representative images of HPL, HPL-shscramble and HPL-shANXA1, after PAS staining (original magnification x20, scale bar: 100 μm).Fig. 4

3.4. Secreted ANXA1 confers anti-inflammatory effects in a mouse model of AHF {#s0170}
-----------------------------------------------------------------------------

Given the established therapeutic effect of AF-MSCs in acute liver injury \[[@bb0075]\], we hypothesized that ANXA1 secreted by AF-MSCs may be a component of this response. To address this hypothesis, NOD/SCID mice were intraperitoneally injected with CCl~4~ which induces hepatocellular apoptosis, periportal necrosis and inflammatory cell infiltration, as confirmed by H&E staining of liver sections ([Fig. 5](#f0025){ref-type="fig"}a). Twenty-four hours later, CM from AF-MSC-shscramble or shANXA1 cultures was administered into the left liver lobe of CCl~4~-treated mice and liver damage was monitored by histology (H&E staining) and assessment of serum levels of ALT/AST transaminases. It was found that administration of CM from AF-MSC-shscramble cultures reduced the histological manifestations of tissue damage ([Fig. 5](#f0025){ref-type="fig"}a) and lowered AST (SGOT) and ALT (SGPT) levels by 82.76% and 90% respectively compared to control CCl~4~-treated mice (p \< 0.05, p \< 0.01, Student\'s *t*-test) ([Fig. 5](#f0025){ref-type="fig"}b). In contrast, intrahepatic injection of CM from shANXA1 cultures failed to exert a significant effect on serum AST and ALT levels ([Fig. 5](#f0025){ref-type="fig"}b), and was accompanied by extensive hepatocellular apoptosis and inflammatory cell infiltration ([Fig. 5](#f0025){ref-type="fig"}a). ANXA1, among other secreted molecules by AF-MSCs, may offer protective effects of AF-MSCs in acute liver injury. As liver injury is accompanied by a systemic inflammatory response \[[@bb0195]\], we asked if the ANXA1 effects on AHF, entail regulation of inflammatory cytokine expression. To address this question, we assessed serum levels of pro-inflammatory IFNγ and TNF and of anti-inflammatory IL-10 in AHF mice administered CM isolated from either AF-MSC-shscramble or AF-MSC-shANXA1 cultures. In line with previous reports \[[@bb0200]\] and our previous publication \[[@bb0075]\], CCl~4~-induced AHF was associated with elevated circulating levels of IFNγ, TNF and IL-10 ([Fig. 5](#f0025){ref-type="fig"}c). Administration of CM from AF-MSC-shscramble but not AF-MSC-shANXA1 cultures significantly reduced IFNγ and TNF and increased IL-10 expression levels (p \< 0.05, p \< 0.01, p \< 0.001, Student\'s *t*-test) ([Fig. 5](#f0025){ref-type="fig"}c). These data indicated a potential anti-inflammatory role of ANXA1, a molecule that has been shown to be implicated together with IFNγ and TNF, in the glucocorticoid receptor (GR) signaling canonical pathway \[[@bb0205]\] (Supplementary Fig. S2).Fig. 5Ant-inflammatory efficacy of secreted ANXA1 in AHF mouse model. (a) H&E staining of liver sections from control and AHF (CCl~4~-induced) mice, as well as AHF mice receiving CM from AF-MSC-shscramble and AF-MSC-shANXA1 cultures. (Original magnification x20, scale bar: 100 μm). Arrows show necrotic areas. (b) Serum AST and ALT levels were measured in heathy mice (control), AHF mice, AHF mice that were administered CM from AF-MSC-shscramble or CM from AF-MSC-ANXA1 cultures. Data presented as the mean ± SD of five mice per group and analyzed by Student\'s *t*-test. P-values were estimated compared to AHF mice (\*, p \< 0.05; \*\*, p \< 0.01, Student\'s *t*-test). (c) Analysis of mouse serum cytokine levels, after treatment with shANXA1- or shscramble-CM. Mouse serum levels for IFN-γ, TNF and IL-10 from healthy mice, AHF mice or AHF mice that received shANXA1- and shscramble-CM, 24 h after administration. Each assay was performed in duplicates. Data are presented as the mean ± SD for at least 3 independent experiments and were analyzed by Student\'s t-test method (\*, p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001, \*\*\*\*p \< 0.0001).Fig. 5

3.5. Secreted ANXA1 induces the proliferation of oval cells derived from AHF mice {#s0175}
---------------------------------------------------------------------------------

Several reports have shown that during liver injury, oval cells re-enter cell cycle, act as progenitor cells and proliferate to support liver regeneration. We have thus investigated the effect of CM from parental, shscramble and shANXA1 cultures on the proliferation of oval cells (CD24^+^/Ter119^−^) derived from AHF mice. CM from parental and shscramble cultures increased, whereas CM from shANXA1 AF-MSCs decreased oval cell proliferation, supporting the beneficial effect of ANXA1 in liver repair ([Fig. 6](#f0030){ref-type="fig"}).Fig. 6Determination of the biological activity of ANXA1 on mouse oval cell proliferation after 3 days in culture. Comparative analysis of the growth rates of oval cells after treatment with DMEM supplemented with 0.5% FBS as negative control, DMEM supplemented with 20% FBS as positive control, CM from parental AF-MSCs, AF-MSC-shscramble or AF-MSC-shANXA1 cultures, during 3 days in culture. Data are presented as the mean ± SD of three independent experiments (\*\*, p \< 0.01; Student\'s *t*-test).Fig. 6

4. Discussion {#s0180}
=============

Accumulating evidence underscores the role of paracrine mechanisms in the regenerative potential of MSCs \[[@bb0080]\].The stem cell secretome comprises a rich source of bioactive molecules, including cytokines, chemokines and growth factors \[[@bb0210],[@bb0215]\] which convey the immunoregulatory properties of MSCs and contribute to tissue repair in different pathological conditions \[[@bb0215]\]. Recent studies have demonstrated that therapies based on MSC secretome may present considerable advantages over stem cell-based applications regarding manufacturing, storage with no toxic cryopreservation agents and the loss of potency for after long periods of culture, immunogenicity, potential infections as well as time and cost effectiveness. More importantly, this cell free therapeutic approach can be manipulated for safety and dosage as a common pharmaceutical agent \[[@bb0220]\]. Thus, MSCs protect cardiomyocytes from hypoxia/reoxygenation-induced apoptosis through a mitochondrial pathway in a paracrine manner \[[@bb0225]\] and endothelial cells derived from a rat model of myocardial infarction respond to MSC secretome by increased proliferation and migration \[[@bb0230]\]. Similarly, paracrine mechanisms are important for the protective effect of MSCs in an acute kidney injury model involving secreted molecules, such as interleukins (IL-1, IL-4, IL-6, IL-10), vascular endothelial growth factor (VEGF), basic fibroblast growth factor (b-FGF), transforming growth factor-α (TGF-α) and B-cell lymphoma 2 (Bcl-2) \[[@bb0120],[@bb0235]\]. Moreover, human umbilical cord blood-MSCs derived secretome has been shown to confer renoprotective effects, preventing diabetes kidney disease in streptozotocin-induced diabetic rats \[[@bb0240]\].

In the context of liver diseases, the paracrine protective effects of MSCs have largely been studied with respect to immunomodulation. MSCs produce IL-10 \[[@bb0245]\], IL-1 receptor antagonist (IL-1ra) \[[@bb0250]\], Hepatocyte Growth Factor (HGF) \[[@bb0255]\], VEGF and Insulin-like growth factor-binding protein (IGFBP) \[[@bb0260]\] which dampen inflammation and promote liver recovery \[[@bb0265], [@bb0270], [@bb0275]\]. Our previous work underscored the role of key important factors for AF-MSCs hepatic regeneration, such as Serpin E1, urokinase plasminogen activator, thrombospodin 1 and 2, heparin binding epidermal growth factor, fibroblast growth factor 7 and EGF. Moreover, we demonstrated the role of IL-10 derived from AF-MSCs or HPL cells in ameliorating liver damage in a mouse model of AHF \[[@bb0075]\]. More recently, we showed that conditioned medium from MSCs does not only have anti-inflammatory properties but also inhibits hepatocellular death, resulting in increased hepatocyte proliferation \[[@bb0280]\]. However, the specific factors responsible for the protective paracrine effects of AF-MSCs and HPL cells in the liver remained elusive.

Herein, we explored proteomics \[[@bb0140]\] for the definition of AF-MSC and HPL cell derived secretome. Among the various proteins identified, we selected ANXA1 for further analysis because of its reported effects on resolution of inflammation. ANXA1 is a glucocorticoid-inducible protein with cell-intrinsic and cell-extrinsic roles in limiting inflammation in diverse disease models, including rheumatoid arthritis \[[@bb0285]\], asthma, myocardial ischemia \[[@bb0285]\] and colitis \[[@bb0290],[@bb0295]\]. In these studies, ANXA1 was found to downregulate the production of pro-inflammatory mediators including eicosanoids, nitric oxide \[[@bb0300]\], TNF and several interleukins \[[@bb0200],[@bb0305],[@bb0310]\]. Moreover, intracellular ANXA1 is required for the anti-inflammatory effects of glucocorticoids in vitro and in vivo \[[@bb0180],[@bb0285],[@bb0315]\]. The mechanism of action of ANXA1 is not fully defined. However, it has been reported that ANXA1 stimulates lipoxin A4 receptor homodimerization to increase production of IL-10 via activation of the p38 MAPK/MAPKAPK2/Hsp27 signaling cascade \[[@bb0320]\]. In turn, IL-10 suppresses the synthesis of pro-inflammatory cytokines such as IFN-γ, TNF, IL-2 and GM-CSF produced by macrophages and Th1 lymphocytes. The link between ANXA1 and IL-10 is further highlighted by the fact that Annexin-A1 failed to prevent reperfusion injury in IL-10-deficient mice \[[@bb0325]\]. Data presented herein extend the aforementioned reports by showing that ANXA1 mediates some of the anti-inflammatory properties of AF-MSC secretome by controlling systemic IL-10, IFNγ and TNF levels in AHF.

We further investigated putative links between AF-MSC-produced ANXA1 and regulation of key cellular properties of AF-MSCs. Interestingly, we found that the knock-down of ANXA1 inhibits AF-MSC proliferation and clonogenic potential in the absence of an effect on cell survival ([Fig. 4](#f0020){ref-type="fig"}). As ANXA1 has been shown to regulate cell migration and promote tissue repair \[[@bb0325],[@bb0330]\], we also evaluated the migratory capacity of AF-MSCs under conditions of reduced expression of ANXA1. Our results demonstrated that inhibition of ANXA1 expression led to decreased cell migration ([Fig. 4](#f0020){ref-type="fig"}), confirming the significant role of ANXA1 in tissue regeneration. Importantly, the knock-down of ANXA1 also impaired the differentiation of AF-MSCs to hepatic progenitors ([Fig. 4](#f0020){ref-type="fig"}).

As administration of conditioned medium from AF-MSCs had a profound effect on histological and biochemical (AST/ALT) markers of liver damage, we hypothesized that ANXA1 may mediate additional therapeutic functions beyond regulation of inflammation. In line with this hypothesis, conditioned medium from AF-MSCs lacking ANXA1 reduced the proliferation of isolated mouse liver progenitors (oval cells), further supporting the important role of ANXA1 in hepatic proliferation and liver regeneration.

The findings reported herein expand our understanding of the mechanisms by which MSCs confer therapeutic effects in AHF. Our study provides the first detailed analysis of AF-MSC and hepatic progenitor-like cell-derived secretome and shows an important role of AF-MSC-produced ANXA1 in ameliorating liver damage. Importantly, we demonstrate that the effects of ANXA1 on disease severity exceed its established role in the resolution of inflammation to include effects on progenitor cell proliferation, migration and differentiation. Collectively, these data may have important ramifications for the development of cell free, non-invasive, less immunogenic and non-toxic strategies for the management of AHF.

The following are the supplementary data related to this article.Supplementary Fig. S1Differentiation of AF-MSCs into HPL cells in vitro. (a) Representative microscopy images of AF-MSCs and HPL cells. Original magnifications 10×. (b) Semi-quantitative PCR analysis for a-fetoprotein, albumin and tyrosine aminotransferase expression levels in AF-MSCs and HPL cells (\*, p \< 0.05, \*\*, p \< 0.01, Student\'s *t*-test).Supplementary Fig. S1Supplementary Fig. S2Predicted impact on the canonical signaling pathways involving (a): ANXA1 (lipocortin) and (b): IFNγ and TNF. An overall impact in the immune response is depicted. The pathway was generated by Ingenuity pathway Analysis software (IPA).Supplementary Fig. S2Supplementary Table S1Protein identifications from the proteomic analysis of AF-MSCs and HPL secretome samples. Identification list of each biological replicate is shown in separate sheet. Only the high confidence peptides (FDR \< 1%), rank = 1 were used for the identification process.Supplementary Table S1Supplementary Table S2Statistical (Mann Whitney) and quantification (HPL/AF-MSCs fold change \>1.5) analysis of the proteomics data.Supplementary Table S2Supplementary Table S3Mean values and confidence level for the Student\'s *t*-test reported in the manuscript.Supplementary Table S3Supplementary material and methodsImage 1
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